The effect of the pump, signal, and idler wave phases on three-wave nonlinear parametric mixing is investigated in a series of single-pass-gain experiments. Measurements are made with two angle-tuned KTP crystals in a 532 nm pumped, walkoff-compensated, optical parametric amplifier that is seeded by an 800 nm cw diode laser. In one of the measurements the second crystal is orientated to have its effective nonlinearity deff. of opposite sign to that of the first crystal, so that all mixing that occurred in the first crystal is cancelled by the second when the phase mismatch Lkcrystai i zkcrystai 2 0. Efficient two-crystal amplification is subsequently restored by selecting the correct phase relationship for the three waves entering the crystal by inserting a dispersive plate between the crystals. The experimental results are explained in a straightforward manner with diagrams involving the three input wave polarizations. These results demonstrate that walkoff-compensated geometries require phase correction to achieve efficient mixing in the second crystal whenever the nonlinear interaction involves two extraordinary waves (e-waves) . One practical application of this work may be lower oscillation thresholds and enhanced performance in walkoff-compensated optical parametric oscillators which use two e-waves.
INTRODUCTION
High quality nonlinear crystals and pump lasers with sufficiently good spatial and temporal properties have made optical parametric oscillators (OPO's) and optical parametric amplifiers (OPA's) attractive sources of coherent light. These devices use the second order susceptibility of a nonlinear optical crystal to convert a pump photon into signal and idler photons such that w = w + w (where p, s, and i denote pump, signal, and idler, respectively) . Although the overall performance of optical parametric devices is improving, practical application of these devices requires further study of certain technical problems. This paper investigates the fundamental problem of. the phase difference = --in three-wave nonlinear mixing, and demonstrates that understanding the effects of is critical to efficient operation of optical parametric devices that use two crystals.
Efficient conversion of pump photons into signal amid idler photons is usually accomplished with phase matching in birefringent nonlinear crystals. When the phase velocity mismatch (1) is angle-critical and double refraction is observed, enhanced gain and output beams that experience little or no displacement with angle tuning can be achieved by using two identical crystals in a walkoff-compensated geometry. With this geometry, the direction of birefringent walkoff of an e-wave in the first crystal is reversed in the second crystal. Walkoff compensation is not a new idea,' yet some misunderstanding persists regarding the use of walkoff compensation with different types of nonlinear interactions. This geometry is straightforward to implement only when the nonlinear interaction involves a single e-wave. With two e-waves, mixing in the second crystal will completely cancel mixing in the first crystal when the phase velocity mismatch k has been adjusted to zero for each crystal. With a series of single-pass-gain measurements and a diagrammatic method to explain the experimental results, we demonstrate that walkoff-compensation can always be employed regardless of the form of the nonlinear interaction by controlling the phases of the waves as they enter the second crystal.
Optical parametric devices that utilize a single crystal usually have just two of the three interacting waves incident on the crystal. When this is the case [e.g., sum frequency generation (SFG), or difference frequency generation (DFG)] , the phases of the two input waves are unimportant since z will assume the correct value to maximize generation of the third wave. This situation prevails in almost all OPA's and in most OPO's, where the cavity usually resonates on either the signal or idler wave, but rarely on two of the waves simultaneously. However, if the pump, signal, and idler waves are all incident on a nonlinear crystal, z4 determines the flow of energy among the three waves and affects the efficiency of parametric mixing.
In an optical parametric device that uses two crystals (e.g., for walkoff compensation) with two waves incident oIl the first crystal, the initial remains unimportant as it has no effect on the mixing process in the first crystal. However, three waves enter the second crystal, so that again determines the flow of energy between the three waves. We will show later that if are 532 im and 800 im, respectively. The undepleted pump intensity of 108 W/cm2 is not showi,. Fig. 1 emphasizes the effects of in the second crystal for two-crystal gain. A one dimensional calculation (i.e., plane waves, no walkoff) with k = 0 shows the evolution of the sigmial wave intensity I (-) and time idler wave intensity I (---) plotted against distance in two crystals of length E = 10 mm. With a pump and signal wave incident on the first crystal, I. increases iii intensity, while I begins with zero intemisity and grows along with I. At the entrance to the second crystal, I and I are shown to follow two different paths, depending n the sign of d relative to d? , or equivalently, on the phase difference For the paths that continue to increase in intensity, at the entrance to crystal 2 was set to be the same as at the exit of crystal 1. For the paths that decrease in intensity was changed from its previous value of -ir/2 to +ir/2 as the waves entered crystal 2. For this "worst case" where zq changes by r, mixing in crystal 2 returned I to its initial value, and returned I to zero.
Since cannot be neglected with three input waves, how does one ensure that the waves will have the correct L4 when incident on the second crystal? As we'll show in Sec. 2, optimum mixing can always be obtained if zq is corrected by a phase plate (or other dispersive medium) placed between the two crystals. Use of a phase plate is straightforward, and has been previously employed, for example, to measure the phase difference between second harmonics generated in two KTP crystals.2 Recent measurements suggest that if did have the wrong value, correcting would to be worth the effort.7 An increase in two-crystal second-harmonic generation of >3 times that for a single crystal of length 2 has been reported with two walkoff-compensated KTP crystals, each of length 2 Understanding crystal orientation in two-crystal walkoff-compensated opt ical parametric devices
In Sec. 1 we stated that reversal of the sign of deff. in the second crystal is equivalent to a change in L of r.
'This can be deduced from the expression for the nonlinear dielectric polarization p2) = X:EEk.
(2) .
In Eq. 2, P , E1 , and Ek are vectors and the nonlinear susceptibility coefficient Xk = 2dk is a teiisor. (deff.
involves individual components of dk and depends on the type of nonlinear interaction and the crystal symmetry.)
The sign of p2) can be inverted by changing the sign of either E or Ek (adding ir to ), or by changing the sign of (reversing the sign of deff. ) . Since nonlinear frequency conversion depends on the phase (i.e. , the sign) of p2) through the Maxwell wave equation,4'5 the equivalence of a it phase shift in and sign reversal of deff.
is straightforward to understand.
Since is a tensor, deff. has a well defined direction in space with respect to the crystal lattice. The absolute sign of deff , which depends oii the orientation of a given nonlinear crystal, is difficult to determine. Fortunately, the absolute sign of deff. 5 also of little importance. What is important in any two-crystal optical parametric device are the relative signs of the deff. 5 in the two crystals. What we want to understand then is the following fundamental problem: For which nonlinear interactions (i.e., ooe, eeo, eoo, etc., where o and e deiiote o-and e-waves for the signal, idler, and pump) is it possible to find a correct orientation for the second crystal in a walkoff-compensated geometry? This question can be answered by a purely mathematical approach through the equations of nonlinear optics.4'5 Alternatively, it can be answered with simple diagrams involving the input wave polarizations as shown in Fig. 2 . Both approaches are equally rigorous (i.e., there are no approximations used), and lead to the same interesting result: The relative sign of deff. does not depend on the particular symmetry of the crystal, but only on the type of nonlinear interaction involved.
The diagrammatic method in Fig. 2 addresses the second-crystal-orientation problem by indicating a sign for deff while observing the phase relationship of three input waves. In Fig. 2(a) , a nonlinear crystal is depicted by a box with an arrow drawn on top of it. The arrow indicates the direction of walkoff 8wo, but tells us nothing about the crystal symmetry or actual sign of deff.. The diagrams only serve to determine if there is a correct way to orient the second crystal to obtain the most efficient two-crystal mixing. It is worth emphasizing that every crystal orientation in Fig. 2 will phase match, regardless of the signs of 0wo and deff.. At the entrance to the crystal in Fig. 2(a) , three polarization vectors are drawn depicting the eoo interaction, appropriate for the KTP crystals used in our experiments. We now establish a convention: When the e-wave points out of the page deff. d0, and when the e-wave points into the page deff.
d0. To use the diagrams to determine if there is a correct orientation for the second crystal, we simply rotate the crystal and the input waves 1800 about three orthogonal axes in space. The correct orientation results when deff. d0 and 9wo = -Os.
In Fig. 2(b) , the crystal has been rotated about a horizontal axis (dashed line) that intersects the sides of the crystal. The two o-waves have been inverted, which is equivalent to two o-waves pointing up, and the e-wave is pointing out of the page so that deff. d0 . We see from the walkoff arrow on the crystal that 0wo = -O , so we have already found the correct orientation. In Fig. 2(c) , the crystal has been rotated about a vertical axis. The walkoff direction has not changed, so this orientation is of no interest. In Fig. 2(d) ,the crystal has been rotated about a horizontal axis passing through the entrance and exit faces of the crystal. As in Fig. 2(c) , the e-wave is pointing into the page indicating deff. The methodology outlined above can be applied to any nonlinear interaction. With the type-I ooe interaction, the results are identical to the type-Il eoo interaction in Fig. 2 . For a type-IT oee interaction, one finds that there is no correct orientation for the second crystal. While it is possible to orient the second crystal to compensate for walkoff, the sign of deff. in the second crystal will always be opposite to deff. in the first crystal. Repeated application of the model leads to two valuable rules for all possible forms of the nonlinear interaction. With one e-wave, there is always one correct orientation for the second crystal; with two e-waves there is never a correct orientation for the second crystal. When using two crystals cut for a two e-wave interaction in a walkoffcompensated geometry, one must adjust the phase difference to maximize the gain.
EXPERIMENT
A diagram of the apparatus used for the single-pass-gain experiments is shown in Fig. 3 . The measurements were performed with an OPA consisting of two length £ = 10 mm KTP crystals with 5 mm x 5 mm faces mounted in a walkoff-compensated geometry. The crystals were separated by 5 mm of air. Both crystals had cut angles of 0 = 58°with = 0 (type-Il, eoo interaction, propagation in the XZ plane). The crystals were rotated by stepping motors, through a reduction gear assembly, with external angle resolution of t'-'78.5 urad and internal angle resolution r 43•5 trad. The angular resolution was more than sufficient as this cut of KTP at a signal wavelength of 800 nm has an acceptance angle of 0.93 mrad-cm. The walkoff angle is 49 mrad, which results in < 0.5 mm displacement of the extraordinary signal wave for £ = 10 mm. The OPA was pumped by the second harmonic of an injection-seeded, spatially-filtered Nd:YAG laser with typical pulse energies of 12 mJ and pulse lengths of 7 ns FWHM. A 30 mW seed beam was provided by a spatially-filtered, single-longitudinal-mode 800 nm cw diode laser. The pump and signal beam diameters were 2.5 mm and 1.5 mm, respectively, at their l/e2 points. With the low peak pump fluence, 0.25 J/cm2, and single-crystal single-pass-gain of typically 6, there was no observable pump depletion.
To collect data, the pump and signal beams were each carefully collimated and then overlapped with the help of a camera. The crystals were then placed in the beams and rotated to positions where the signal gain was high (not necessarily k1 , k2 0, depending on the orientation of the second crystal), and a 525 tm diameter aperture was placed downstream from the crystals in the signal beam. The small aperture was then positioned to sample that portion of the signal beam spatial profile where the amplified signal was maximum. The Lk1 , zk2 "gain surfaces" were then recorded by first individually locating L k1 = 0 and Lk2 = 0 as accurately as possible, and then rotating each crystal a known number of steps away from L\k = 0 to its starting point. A computer controlled data acquisition system then recorded the input signal level, the peak amplified signal, and the incident and transmitted peak pump intensities while rotating the crystals on a Lk1 , i.k2 grid. The grids consisted of 40 x 40 or 40 x 50 points, depending on the orientation of the second crystal, with 1 or 2 stepping motor steps between each point. Three laser shots were averaged for the data recorded at each Lk1 , Lik2 grid point. This procedure wa repeated three times as the second crystal was placed first in the correct orientation, then in the deffreversed incorrect orientation, and finally in the deff-reversed incorrect orientation with a phase compensation plate inserted between the crystals. The phase plate used in these experiments consisted of an uncoated 100 ,tm thick optically fiat window of BK7 glass.
As shown in Fig. 3 , great care was taken to ensure that the 800 nm signal alone reached the signal detector by first separating the pump and signal beams with a dichroic beam splitter. The pump, idler, and any residual Nd:YAG fundamental were then rejected by a combination of an RT830 glass filter, followed by high reflectors for 532 iim and 1064 nm.
Although the experimental results presented in this paper are primarily qualitative, the experiment was configured to make absolute measurements of deff. for single crystals. This was accomplished by using a highly collimated, spatially and temporally smooth pump beam with a known intensity distribution (i.e., the central spot of an Airy pattern), and recording the peak intensities of the pump and amplified signal pulses with fast-samplers with gate widths of 200 ps. Both pump and signal detectors had a bandwidth of ' 1 GHz. Any time jitter of the 200 ps gates with respect to the pump and signal pulses was effectively eliminated by triggering the fast-samplers with a constant-fraction-discriminator that was triggered by detecting the pump pulse with a 200 ps rise time photodiode. The detector that monitored the transmitted pump pulse energy was calibrated against a thermal detector.
With the 525 im diameter aperture in the signal beam, the gain of the signal I(2)/I(0) was measured only for the small central portion of the interacting beams where the pump beam and the signal gain were nearly uniform. The signal beani walkoff of < 0.5 mm could have only a negligible effect on the measurement due to the comparatively large 2.5 mm pump beam diameter. With a 200 ps gate and the small sample area, it was possible to accurately determine the peak pump intensity. The absolute value of deff. could then be extracted When either Lk1 or Lk2 is nonzero, the simple expression in Eq. 3 cannot be used to reliably extract deff. for the two crystals. Instead, analytic expressions in Byer and Herbst6 for nonzero zk can be extended to describe two-crystal gain with no pump depletion. Fields E' and E' from the first crystal are inserted in equations for E2 and E2 for the second crystal while including a linear phase shift k11 from the first crystal and an arbitrary phase shift 8, while keeping track of d? and d? and their respective signs if iiecessary.7
Our method was intended for single crystal measurements of deff. . Nonetheless, what we call "effective deff.
where deff. is obtained by treating two crystals as a single crystal with k = 0, is still a useful quantity for comparing our two-crystal gain measurements. The accuracy of effective deff. is limited however, as phase shifts from AR coatings on the crystals and from air between the crystals, as well as any reflection losses from exiting crystal 1 and entering crystal 2, are all ignored. 100/SPIEV0!. 2379 525 im aperture
RESULTS AND DISCUSSION
The type-TI KTP crystals used for these measurements were a convenient choice since correct and incorrect second-crystal orientations were available with the eoo interaction. In addition, this cut of KTP has typical deff 2.9 pm/V,7 so that high single-pass gain was possible. The three different two-crystal single-pass-gain measurements on k1/r, k2/'ir grids are shown in Figs. 4, 5, and 6 . Since the original number of data points on the grids was large, the data were binned to 1/2 the original density, which results in some minor smoothing by interpolation. Fig. 4 shows the gain surface for the correct orientation of the second crystal as depicted in Fig. 2(b) , plotted against an effective deff. scale. For this orientation, the maximum effective deff, was found to be ' 2.43 pm/V. The two KTP crystals had measured values of deff. of approximately 2.9 pm/V and 2.1 pin/V,7 which apparently results in the measured effective deff of 2.43 pm/V. This gain surface reveals minor deviations from "perfect symmetry," which would consist of a central peak at z.k1 = zk2 = 0 with four equal sidelobes, two each lying slightly offset from the lines k1 = 0 and k2 = 0. These deviations are most likely from the unequal deff. '5, and from small phase shifts associated with the multi-layer AR coatings on the crystals and from the air between the crystals. Since modulations of 10% could be observed on the transmitted pump and idler intensities with crystal rotation (i.e., the crystals behaved like low finesse étalons at these wavelengths), one might suspect the presence of parasitic oscillations. However, these oscillations were not present since the pump fluence in this experiment was well below the threshold for parasitic oscillations. With the mismatched deff 5 one might expect the null to occur some distance from k1 = k2 = 0. However this was not the case since parametric gain depends exponentially on [F2 -(k/2)2J'/2, so only a small difference between zk1 and k2 was required to produce the null despite the unequal deff. S. Au important but perhaps less striking feature is the reduced gain available from either peak that straddles the null. For this incorrect orientation, the maximum effective deff. was found to be 1.67 pm/V from Eq. 3. While use of Eq. 3 assumes that /.ik1 = L\k2 = 0, which is strictly an approximation, deff. 1.67 pm/V is actually the miumber of interest since it indicates the maximum available gain with the incorrect orientation. A true two-crystal calculation like that described in Sec. 3, which included the nonzero k1 and k2 from the data returned an effective deff. 2.2. The gain surface of Fig. 5 clearly illustrates the problem with the wrong orientation of the second crystal for a single e-wave interaction. Fig. 5 also illustrates the problem with a two e-wave interaction where there is no correct walkoff-compensated orientation for the second crystal. Not only is the gain lower than one might naively expect, but the two regions of highest gain could correspond to different oscillation frequencies in an OPO cavity. The two regions of maximum gain in Fig. 5 should be separated by two times the acceptance bandwidth of a single KTP crystal, or roughly 18 cm1 (540 GHz).
If we temporarily ignore phase shifts associated with AR coatings and air between the crystals, Fig. 1 demonstrated that a perfect phase compensation plate would change L by an odd multiple of it. In the calculation of Fig. 1 , the gain was cancelled by changing from -r/2 to +r/2. We now want to change back to -ir/2, -&7r/2, -9r/2, etc. .. , by shifting the phase by an odd integer multiple of r. For the pump, signal, amid idler wavelengths of 532 nmn, 800 nm, and 1588 nmn, the uncoated 100 pm thick BK7 plate gave a phase shift of slightly less than 5ir. Tilting the plate can result in some additional but observed changes in the gain were difficult to interpret since the input intensities to the second crystal depend on the angle of the flat, uncoated plate. AR coatings on the plate would reduce the angle dependence, but knowledge of the dispersive properties of the mnultilayer coatings would be essential. .
C) U)

Incorrect Orientation
With Phase Plate i.o have required exact knowledge of the phase shifts from the AR coatings on the crystals and from the air between the crystals. Nonetheless, a single peak near k1 , k2 = 0 with nearly the same effective deff. as in Fig. 4 has   1 )een restored by simply inserting a glass plate. The maximum effective deff. 5 now 2.27 pm/V, which is quite an improvement over the value of 1.67 pm/V measured in Fig. 5 . One important result here is that gain for walkoff-cornpensation with two ewaves can clearly be enhanced by a very simple technique.
CONCLUSION
The effect of the phase relationship of three input waves on parametric mixing has been studied by measuring single-pass-gain with a two-crystal walkoff-compensated OPA. Experimental results and the use of simple diagrams demonstrate that some type of phase correction must be used to extract the maximum gain from any two-crystal I)arametric device that uses nonlinear crystals cut for a two e-wave interaction. Practical applications of this work could result in lower OPO oscillation thresholds and better spectral control when a two e-wave interaction is used.
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